ABSTRACT -After investigation of the possible HBT low frequency noise sources and their iocallzation in order to extract a HBT low frequency noise model, the reailsation and performance of a S band Voltage Controlled Oscillator (VCO) is reported. This VCO is fully Integrated in MMIC technology, and Is based on a push-push topology. The circuit is covering 340 MHz tuning range around a centre frequency of 2 GHz with a phase nolse of -95 dBciHz at 10 KHz offset.
1. INTRODUCTION Design of low phase noise oscillators has always been challenging for microwave engineers. They are now likely to estimate the oscillator phase noise thanks to the harmonic balance and the related technique, namely the conversion matrix method, which calculates the phase fluctuations caused by the noise sources. However, an accurate characterization of the low frequency noise sources is essential. The main objective of this work was to validate a new low frequency noise model with a low phase noise S band pushpush oscillator realization. This paper consists of two main parts : in the first part the low frequency noise model extraction is detailed, in the second part the VCO design and its measurement results are described.
ADVANCED LOW FREQUENCY NOISE MODEL EXTRACTION

A. ANIMPROVED LOWFREQUENCYNOISE MODEL OF HBT
1 .Low frequency HBT model. Fig. 1 shows the small signal T-model of the HBT extracted from a non-linear large signal, valid at low frequencies where the reactive element influences can be neglected. The T-model must be preferred to the n-model in order to accurately locate the low frequency noise sources, because it exactly represents the current paths within the actual device; for example the I,, emitter current path is correctly represented, while the n-model only shows the I, current. aF IBEint is the current controlled current source of the transistor: it represents the part of the current generated into J.C. Nallatamby -M. Prigent Microscopic physical noise sources lead to random fluctuations of conductive currents. Then, it follows that in a macroscopic electrical representation, every equivalent Norton noise current source must be associated to the conductive element where it originates. Note that all the noise sources shown in the figure are uncorrelated.
-&IIBE represents the GR and l/f noise sources generated into the base-emitter junction -&IRBE represents the OR and I/f noise sources of the recombination current principally present at the periphery of the base-emitter junction.
-&Im and &IRE represent the GR and I/f noise sources generated in the RB and RE resistances.
-GIBc represents the GR and llf noise sources generated into the base-collector junction -&Imc represents the GR and llf noise sources of the recombination current of the base-collector junction. 
B. EXTRACTIONFROMMEASUREMENTS OF THE LOW FREQUENCY NOISE MODEL
I . Determination of the HBT low frequency noise model
The principle of the low frequency measurement set-up is shown Fig. 2 . This new set-up, developed at IRCOM Institute, is an improved version ofthe one described [8] elsewhere.
. i q 
Resulting cyclostationary Norton noise current sources in dynamic operating conditions
In dynamic operating conditions, the shot noise source, which is a white noise sowce, is fully modulated ; it results a cyclostationary spectral density sash0, proportional to the dynamic current density J,, .
For the low frequency noise sources, the modulation theory is still under development [4-71. So, physics-based empirical expressions will be used. It may be inferred with an accurate assumption, that the modulation function of the spectral density sa_ and S a , , can be taken as proportional to the square of the dynamic current density J , . These modulation functions have been used for the design of the VCOs. Phase noise results obtained on the processed oscillators clearly justify the proposed empirical LF noise model.
C. IMPLEMEMATION OF COMPLETE NOISE MODEL
In order to include the resulting noise current sources in the transistor rr-model of the UMS HBT process, some straightforward transformations from T to x-model have been performed. For the sake of brevity they are not detailed here.
Ill. FULLY INTEGRATED LOW NOISE VCO
A. CIRCUIT DESCRIPTlON AND SIMULATION 1.Circuit principle A push-push oscillator (Fig. 6 ) consists of two symmetric oscillator parts, which are operating at half the desired frequency (f0=fow/2), driving a phase difference of 180". The circuit can be considered as two single-ended symmetrical oscillators connected in parallel to a virtual ground. In the proper operation of a Push-Push oscillator, power is delivered to the load only at the second harmonic frequency, but some complementary output can be considered at fundamental frequency. Therefore, absolute symmetry of the two subcircuits and output network is required to achieve an efficient operation of the circuit. This design approach was adopted to decrease the l/f noise generation and its transposition around the canier. The next step consists ofjoining two single ended sub-circuits (Fig. 8 ) to achieve the push-push VCO. This part allows to determine the final characteristics of the circuit. During this phase, the phase noise is optimised by doing a trade-off between all the contributions from all the noise sources. The simulations show a centre frequency of 2 GHz with a bandwidth of 300 MHz (Fig. 9) and a phase noise between -95 dBcMz and -100 dBc/Hz at 10 kHz from carrier at 2 GHz (Fig. IO) .
B. MEASURED PEWORMNCE
The VCO has been characterized on-wafer for chip selection and then in test fixture for full characterization. The frequency response is given in Fig. 11 , the centre frequency is 2.03 GHz, the tuning range is 340 MHz.
Phase noise measurements have been done on a test bench based on delay line. The phase noise specbum versus frequency offset from the camer is shown on Fig. 12 . At 2 GHz, the phase noise is -96 dBcMz at IO kHz from carrier, and -120 dBc/Hz at 100 WIZ. Moreover, Fig. 13 shows the phase noise is constant over the tuning range. These results are in good accordance with the predicted simulation results. 
N. CONCLUSION
The realisation of a fully integrated S band VCO using UMS HBT process has been described. It exhibits at 2 GHz a phase noise of -95 dBc/Hz at 10 KHz fiom camer and a tuning range of 340 MHz. These performance have been obtained thanks to the advanced noise model of the HBT transistor for the optimisation of the phase noise level and a specific work on design robustness versus technology spreads.
V. ACKNOWLEDGEMENT
